electronic properties. These nanostructures, in fact, exhibit strong localized fields originating from the collective oscillations of conduction band electrons, often induced by visible electromagnetic radiation [1] . The electric fields associated with these oscillations, being tightly confined in sub-wavelength volumes, are subject to strong intensity enhancements in the near-field and can boost radiative and non-radiative processes [2, 3] . This makes plasmonic antennas attractive in various applications, such as chemical and biological sensing [4] , imaging [5] , theranostics [6] , plasmon-enhanced light harvesting [7] and many others. In particular, sensing schemes exploiting near infrared excitation are highly desirable for biological and in-vivo applications as they inhibit auto-fluorescence originating from tissues and thus reduce photo-damage. Recently, high-aspect-ratio three-dimensional (3D) nanostructures have been utilized as sensors based on Raman spectroscopy [8, 9] . Moreover, it has been shown that the exploitation of longitudinal resonances of highaspect-ratio metal-coated 3D nanopillars can be employed to enhance vibrational spectroscopies in the mid-IR range [10] . Such nanopillars also offer the possibility to combine efficient sensing schemes with further functionalities. For example, they have been recently employed to trap analytes by structure collapsing [8] or to obtain reversible poration of cell membranes for molecular delivery into the intracellular compartment with single cell selective control [11] . Sensing schemes exploiting two-photon emission processes such as TPPL and SHG are particularly appealing when higher sensitivities are required [12] given their background-free character and their extremely high spatial confinement, in particular along the axial direction of the focal spot. In particular, nanostructures that can be efficiently excited in the Near InfraRed (NIR) range emitting in the visible wavelength hold great promises for sensing and biosensing applications.
Introduction
Nanoparticles made of noble metals, such as Au and Ag, have triggered the development of simple and efficient sensors based on the exploitation of their optical and
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Open Access [13, 14] . Only a few studies address the TPPL process in Ag nanostructures under ambient conditions, reporting a peak emission between 550 and 650 nm [13] [14] [15] . In these studies, the increased TPPL yield in this spectral region is often attributed to band-to-band radiative transition in the oxide layer that generally forms on silver surfaces (e.g. Ag 2 O) due to the high reactivity of Ag to oxygen [16] . Enhanced SHG in Ag nanoparticles is often found as a consequence of aggregation [13] but is also likely caused by the overlap between the SHG wavelength and the plasmonic resonance (in Ag nanospheres it is generally around 400 nm).
In this study, we address the nonlinear response of Ag hollow nanopillars after ultrafast excitation at a wavelength of 800 nm, additionally we have investigated both individual and trimer structures whilst measuring their nonlinear emissions for different focusing conditions and different interparticle distances (for the trimer structure). We demonstrate efficient TPPL emission accompanied by a clear SHG peak thereby setting the basis for future use of such structures for nonlinear sensing applications.
Methods
Our samples consist of arrays of Ag-coated polymeric hollow nanopillars, with an overall diameter of about 170 nm and a height of about 3 µm, protruding from an Ag-coated Si 3 N 4 membrane (see Fig. 1 ). The Focused Ion Beam (FIB) lithography technique employed here allows to obtain 3D nanostructures featuring the same reproducibility and resolution of other FIB nanofabrication techniques [17] combined with a higher nanostructure throughput [18] . It is also highly flexible in terms of materials and geometries. Very briefly, a layer of polymer resist is spin-coated on a Si 3 N 4 membrane and the desired structures are defined by FIB milling from behind the membrane. The low-energy secondary electrons produced within the polymer by the ions in the beam induce a local resist inversion to a negative tone. Consequently, the resist development process leaves behind the hollow polymeric structures protruding from the membrane. Pillars can then be obtained from this template by evaporating a metallic film of the desired material and thickness.
The nanostructure arrays investigated in this paper consist of a 11×11 matrix of single pillars (monomers, Fig. 1 panels a and c) and of a 8×8 matrix of ensembles of three closely-packed pillars (trimers), in which every pillar is placed at the vertex of an equilateral triangle with lateral size of about 500 nm ( Fig. 1 panels b and d) . We investigate TPPL emission from monomers and compare it with that of trimers collapsed at their apexes by means of capillary forces, produced by drop-casting deionized water onto the sample and letting it dry. This last configuration was chosen to study a model system which allows trapping of matter between the pillar apexes and testing potential TPPL enhancement due to the creation of very small gaps. The choice of relatively high-aspect-ratio pillars produces a collapsing efficiency of about 75%, as shown in the scanning electron microscopy (SEM) maps in both the main panel of Fig. 1b and in Fig. 1d . This result allowed us to use the non-collapsed structures as well as the monomers as a benchmark to evaluate the possible emission enhancement from the collapsed ones.
All samples were investigated in ambient conditions where the oxidation of the Ag surface is known to take place more likely at local defects, leading to an inhomogeneous oxide coverage of the structure and favouring corrosion in the long term (i.e. a few weeks). In order to limit these effects, which hinder the performance of Ag-based plasmonic platforms due to the increasing losses of the material [16, 19] , the sample was investigated a few hours after fabrication or otherwise kept in a lowvacuum chamber to avoid ambient contamination. It is worth noting that all SEM images presented in this work (see Fig. 1 ) were obtained after the optical measurements to check the oxidation level and the absence of photodamage in the structures. The inset in Fig. 1d portraits a detailed image of a collapsed structure, showing no evidence of photo damage and an apparent low level of oxidation on the pillar sides. A careful observation of the same image reveals the presence of a capping layer of SiO 2 of about 20 nm that was evaporated on the pillar tips. This thin layer of SiO 2 allowed achieving a gap size between the collapsed apexes of the order of 10 nm (see inset in Fig.  1d ). This key feature may allow avoiding signal quenching produced by ohmic contacts between unoxidized portions of the pillars [20] .
The optical characterization was performed with a home-made confocal setup, as sketched in Figure 2a . The nonlinear response of the nanopillars was investigated by exciting them with a Ti:Sapphire femtosecond laser (140 fs pulse length) with an emission spectrum centered at 800 nm. The light beam, after passing through a beam splitter cube (BS), is tightly focused on the sample using an air objective with 0.9 numerical aperture. The sample is mounted on a piezo scanning stage, which allows collecting emission maps and finely adjusting the focus (P-517-3CL, Physik Instrumente GmBH). The emitted radiation is subsequently collected in reflection geometry through the same objective and the nonlinear emission is separated from the reflected portion of the excitation spectrum using a combination of two band pass filters (NBF/SPF, Schott-BG39 and BG40). The bandwidth of the filters is chosen to specifically select TPPL and SHG and effectively reject the excitation laser. The emitted radiation is then detected by means of a silicon Single Photon Avalanche Detector (SPAD, MPD S.r.l.), while the spectral characterization is performed using a commercial spectrometer (Andor Shamrock 303) coupled with a Peltiercooled CCD camera (Andor Ikon BV-954). Using the same spectrometer in combination with a white light tungsten lamp (Thorlabs Inc.), the membrane is illuminated from behind whilst we could also retrieve the linear extinction spectra of individual nanopillars.
Results and Discussion
The extinction spectrum from a typical monomer (solid blue line) compared with the simulated extinction spectrum (dotted blue line) of a model pillar is illustrated in Figure 2b . The latter is calculated by means of the Finite Elements Method (COMSOL Multiphysics), performing full-field electromagnetic simulations [21] of a single monomer illuminated at its half height by a tightly focused beam imposed normally to the substrate in a configuration that resembles our experimental setup [11] . In Figure 2b the typical extinction spectrum of a collapsed trimer (red line) is also presented, which is less pronounced and slightly detuned with respect to the monomer (the spectra in good agreement with the Abbe criterion (about 350 nm) considering the convolution between the microscope lateral resolution and the diameter of the nanopillar (about 170 nm, see the inset of Figure 1b) . The high spatial resolution achieved together with the large signal-to-noise ratio typical of nonlinear microscopy techniques allow distinguishing each single pillar in the trimer. In order to identify and collect the light emitted by the apex of each structure, we acquired a stack of confocal maps by varying the z coordinate of the piezoelectric scanner. As it can be observed in Figure 3b , the nonlinear emission from the apex of this specific trimer is generated from a single subwavelength spot, suggesting that the nanostructure is indeed collapsed. The base and the apex of the structure were identified by performing a complete z-scan at the pillar position in steps of 200 nm (see Figure 3c) . Thanks to the axial resolution achieved by the setup (slightly above 1 µm according to the Abbe criterion), two emission spots can be clearly identified. The distance between the two spots is in excellent agreement with the height of the pillar evaluated by the SEM images.
To quantify and confirm the nonlinear character of the emission from our structures we performed a powerdependent emission analysis. As shown in Figure 4a -d, the emission signal has been recorded from the bases and of non-collapsed trimers -not shown -do not significantly deviate from the collapsed ones).
We acquired nonlinear maps by optimizing the optical focus with respect to the Ag-coated Si 3 N 4 substrate and by selecting the emitted light with the filters described in the Methods section. The nonlinear confocal map of a trimer acquired with this approach is presented in Figure 3a . The lateral resolution of our setup was estimated through a profile of one of the lobes in Figure 3a (by calculating the full width at half maximum of a Gaussian fit). This led to an experimental value for the resolution of about 400 nm, the apexes of 9 different monomers and 9 different trimers using incident average powers varying from 0.4 to 1 mW. The different curves confirm the high reproducibility of the structures and the associated nonlinear emission. These results have been averaged separately for each configuration (Figure 4e-h ) and each plot was interpolated with a linear fit to extract the nonlinear order of the processes involved in the emission. The average slope of the curves obtained at the base has a value of 1.83 for the monomers and 2.11 for the trimers, confirming that the emission at this location derives solely from a two-photon absorption process. On the other hand, the average slopes of the curves obtained from the apex of monomers and trimers are equal to 2.44 and 2.57, respectively. This indicates that a further higher order multi-photon process could be involved in the nonlinear emission occurring from these locations. This could be ascribed to the presence of local inhomogeneities at the apex of our nanostructures that intrinsically form hot spots where fields are highly localized and strongly enhanced [22] [23] [24] [25] , thus promoting multi-photon absorption processes [26] .
An evaluation of the absolute emission variation between the base and the apex cannot be easily drawn since, due to the presence of the metal coating deposited on the supporting Si 3 N 4 membrane, the emitted light collection from the objective significantly changes. Nevertheless, based on the acquired data, an important piece of information can be extracted about the signal enhancement occurring at the nanopillars with respect to the Ag layer deposited on the Si 3 N 4 membrane reference. The map of the nonlinear emission collected from the bases of the 11×11 individual pillar array displays a rather homogeneous intensity with an average emission of about 1.7 × 10 6 s -1 and a peak emission of 3.5 × 10 6 s -1
, when an average excitation power of 50 µW is employed. These rates are estimated by the counts per second measured can be exploited to deliver and sense matter through their core hollow part, collapsed trimers could allow trapping and sensing matter within the gaps preserving the same probe signal level, adding a further possibility in view of applications to the sensing of analytes.
To further investigate the nonlinear performance of these devices we also acquired nonlinear emission spectra from two of the most efficient structures. The two spectra collected from the base (blue line) and the apex (red line) of a single pillar is presented in Figure 6a . The most striking feature is the extremely low contribution of SHG to this signal, at variance from the nonlinear emission in silver spheres, which often features higher SHG due to a pronounced Localized Surface Plasmon Resonance in the maps corrected for the losses in the collection path (throughput of about 25%) and the average transmissivity of about 75% for the combination of the two band-pass filters around 500 nm. The map of the nonlinear emission from the apexes of the same array, plotted with a color scale that is one order of magnitude smaller is shown in Figure 5b . Indeed, the average emission rate from the single pillar apexes is 5.4×10 4 s -1 with a peak emission of 2.5×10 5 s -1
, which also denotes a higher signal variation from pillar to pillar. This last feature is ascribed to local imperfections, which are likely to be more pronounced at the free-standing apexes rather than at the bases of the pillars. When compared to the flat Ag film around, which displays an emission rate of about 10 4 s -1
, the nanopillars demonstrates up to 2 orders of magnitude signal enhancement at their bases and more than 1 order of magnitude at their apexes.
We also acquired the nonlinear emission maps both at the bases (Figure 5c ) and at correspondence with the apexes (Figure 5d ) of the 8×8 matrix of the collapsed trimer array. While for each pillar at the base of the trimers the average photon rate is 1.9×10 6 s 1 with the peak emission of 3.8×10 6 s 1 , which is in line with the one of the single pillars, at the apexes of the trimers the interpretation is more complex and needs to be analyzed in more detail. In fact, observing each emission map (see Figure 5a , b and c) one can clearly identify a single emission spot for both maps of the individual pillars (see the insets in Figure. 5a and b) and three distinct emissive spots for the trimers imaged at the base (see the inset in Figure 5c ). On the other hand, a careful look at Figure 5d reveals that trimers can indeed collapse (see upper-left in inset in Figure 5d ), partially collapse and not collapse at all, as demonstrated by the double spot in the lower-right inset or the triple spot in the upper-right inset of Figure 5d , respectively. The presence of a portion of non-collapsed trimers allows attaining a direct comparison between collapsed and non-collapsed ensembles. However, by comparing the nonlinear emission signal between these two configurations and, eventually, the single pillars above, the emission rate from the non-collapsed trimers (both partially and completely) is 9. . These values are about two to three times higher than the ones from the apexes of the single pillars. This undoubtedly indicates that the nonlinear signal generated at the apex of the collapsed structure is roughly the same as the one from the individual monomers, hence pointing towards the absence of further enhancements of the nonlinear emission in the trimer structure. It is worth noting that while monomers (LSPR) in the blue region of the visible spectrum. This results in a dominant TPPL contribution in the overall nonlinear emission signal. It is here worth noting that, despite the spectral feature identified in Figure 2b , the rather intense TPPL cannot be ascribed to a transverse plasmon resonance. Indeed, such feature can be better ascribed to the interplay between localized and guided modes in the nanopillars and the guided modes in the metal-coated membrane on which the nanopillars are suspended. Another interesting emerging feature is the relative change in intensity between the SHG and the TPPL contributions. In particular, while the SHG at the base of the pillar is rather undetectable, when the apex is directly excited, its relative weight with respect to TPPL increases by a factor of 5. We attribute this enhancement of the SHG to local inhomogeneities, which are more likely to occur at the apex of the nanopillar as a consequence of the metal evaporation process and lower local symmetry of the structure [22, 23, 27] , thus enhancing the effective emission of the SHG signal.
The comparison between the spectra collected at the base (blue line) and at the apex (red line) of a collapsed trimer is illustrated in Figure 6b . In this case the overall intensity is comparable in both situations and the relative weight of the SHG signal does not seem to increase when the trimers are excited at their apex. A tentative explanation for this experimental evidence is that SHG gets inhibited inside these sub-10-nm gaps due to the destructive interference of the local emitting dipoles, a phenomenon usually referred to as silencing [28, 29] .
Conclusions
We fabricated and characterized the nonlinear optical response of both individual and closely-packed assemblies of vertical hollow Ag nanopillars that were eventually collapsed by capillary forces. The analysis of their nonlinear emission spectra evidences an intense TPPL and a weak but unique signature of SHG that is enhanced at the apex of individual pillars. The power curves demonstrate that photoluminescence derives mainly from a two-photon absorption process both at the base and at the apex of the pillars, with a weak multiphoton component at the apex. The intense nonlinear emission photon rate and the relatively low background allows envisioning in the near future the employment of these structures as nonlinear probes for analytes trapped between collapsed assemblies of nanopillars or flowing through the hollow channel of the single structures. For this reason, these nanostructures may become appealing building blocks in multi-purpose devices for applications in nonlinear photonics and in broad-band biochemosensors. Finally, following the guidelines of a recently published work on planar nanostructures [30] , we plan to devise and fabricate nanopillars to enhance SHG in order to further improve the sensing capabilities of these nanostructures by exploiting the SHG coherent character and its sensitivity to surface effects.
